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environment within which the genetic code evolved was rich in re-
active methyl groups.
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The basic principles and the main active units representing the
major bioenergetic complexes start evolving in the prebiotic world
and thus DNA and protein sequences have no bearing on their early
evolution. Rather, the basic chemistry of redox reactions and me-
chanical machineries, reﬂected in the ﬁne structure of the current
complexes, initiated the evolution of the various partial reactions that
eventually assembled into the wide variety of today's bioenergetic
processes. Because cytochrome b–c complex operated at a neutral
redox potential, it is likely that it provided the template for the
primordial electron transport chains. Life on Earth was initiated under
anaerobic conditions in which free oxygen was highly limited. Under
these conditions, energy is plentiful, provided that electron acceptors
(oxidized chemicals with positive redox potential) are available.
However, under anaerobic conditions, in which almost every chemical
is reduced, electron acceptors are scarce. Primordial reaction centers
provided the electron sink and enabled the evolution of the current
bioenergetic systems.
Subsequently cytochrome oxidase was added as an electron sink for
the cytochrome b–c complex. The plentiful electrons under anaerobic
conditions were readily provided by the evolution of dehydrogenases.
The most challenging aspect of electron donation is to understand the
initial evolution of photosystem II under anaerobic conditions. However
its emergence totally changed the global environment into aerobic
conditions and thus dominated life on earth. Determining the atomic
structure of the bioenergetic complexes in several organisms living in
different environments shed light on their mechanism of action and
evolution. Marine viruses contain more genetic information than all the
organisms together. Their study is likely to reveal many evolutionary
aspects that were lost in the current organisms. Possible scenarios for
the evolution of bioenergetic systems will be discussed.
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“The pathway of evolution is directed by natural selection”. In
statements of this kind, the selection criteria are generally left vague
and are considered to be complex and multiple. Restricting the scope
to “evolution of bioenergetics”, the selection criterion may appear
obvious: efﬁciency of free energy conversion in a given habitat, with
maximal efﬁciency measured as levels of ATP/ADP gained from
collapsing deltaGs of substrates.
The comparison of a variety of differing bioenergetic systems which
I will present indicates that the situation may be more complicated but
that thermodynamics in a wider sense is the dominant driver of the
evolution of bioenergetic pathways. Key processes in bioenergetic energy
conversion as well as their enzymatic declinations will be discussed.
Since free energy conversion is the sine-qua-non-condition for life
to exist, the evolutionary history of life in general likely is predomi-
nantly selected by thermodynamic constraints. Basic thermodynamic
principles tell us that this must be evenmore true with respect to life's
very inception.
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Iron–sulfur (Fe–S) clusters are ubiquitous cofactors present in a
myriad of proteins controlling processes as diverse as DNA replication
and repair, gene expression, photosynthesis, respiration and central
metabolic pathways. Fe–S clusters assembly and delivery into apo-
proteins are catalyzed by multi-protein systems conserved through-
out prokaryotes and eukaryotes. Escherichia coli possesses ISC and SUF
Fe–S biogenesis systems, which are also present in mitochondria and
chloroplasts, respectively. In addition, “non-ISC, non-SUF” compo-
nents arise that constitute a diversiﬁed delivery network allowing Fe–S
clusters to be targeted to different client proteins under ﬂuctuating
growth conditions, some of them being unfavorable for Fe–S biosyn-
thesis and/or stability. By using the E. coli model, I will discuss the
underlying factors that control Fe–S cluster homeostasis, in particular the
genetic regulation that allows cells to use either ISC or SUF depending
upon Fe bioavailability. Fe–S cluster biosynthesis factors involved in
maturation of complex I (Nuo) and/or II (Sdh), effect of growth con-
ditions on Nuo and Sdh maturation and consequences on p.m.f. depen-
dent processes such as antibiotic import/export will be presented.
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The cytochrome c complexes, like the cytochrome bc1 (complex III)
and the cytochrome cbb3 (a bacterial type complex IV), are essential
for major energy transduction pathways such as respiration and pho-
tosynthesis. These oligomeric membrane-integral complexes contain
c-type cytochrome subunits as well as other subunits carrying dif-
ferent cofactors, like the iron–sulfur clusters and heme–copper (heme
b3–CuB) centers. Their biogenesis pursues multi-stepped processes
involving independent maturation of cofactor containing subunits,
and subsequent assembly of mature subunits to produce active
complexes. These steps are precisely coordinated both temporally
and spatially to yield functional complexes and to avoid accumulation
of toxic intermediates. The cbb3-type oxygen reductase (cbb3-type
cytochrome c oxidase) with its CcoN subunit that carries a heme b3–
CuB center and its CcoO and CcoP subunits that are monoheme
and diheme c-type cytochromes, respectively, provides an excellent
paradigm for investigating the biogenesis of cytochrome c complexes.
We will discuss the cytochrome cmaturation process (Ccm-system I)
that produces the c-type cytochrome subunits of the cytochrome cbb3,
as found in Rhodobacter capsulatus. The Ccm-system I is formed of
nine (CcmABCDEFGHI) membrane proteins that work together to
achieve the stereo-speciﬁc thioether bond formation between the
vinyl groups of heme b (protoporphyrin IX-Fe) and the thiol groups of
apocytochromes c heme-binding site (C1XXC2H) cysteine residues.
We will then present our current knowledge on the formation of
the heme b3–CuB center of the CcoN subunit of cytochrome cbb3. In
particular, we will describe the emerging pathway of Cu import into
the cytoplasm and its delivery to CcoN. Finally, we will address the
issue of how the subunits of cytochrome cbb3 are assembled, and
further, how the individual cytochrome c complexes come together to
form larger macromolecular entities. Both naturally occurring and
genetically modiﬁed functional supercomplexes capable of sustaining
efﬁcient photosynthesis and respiration will be described.
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Succinate dehydrogenase (SDH) is an integral component of the
mitochondrial respiratory chain that catalyzes the oxidation of suc-
cinate to fumarate. The tetrameric enzyme contains 5 redox cofactors
including a covalently bound FAD and 3 FeS clusters in a hydrophilic
segment consisting of Sdh1 and Sdh2 subunits and a membrane
anchor domain consisting of the other two subunits. The biogenesis
of SDH is dependent on assembly factors for the insertion of redox
cofactors. Covalent addition of FAD in the Sdh1 subunit is facilitated by
the (SDHAF2) assembly factor. Two novel assembly factors Sdh6
(SDHAF1) and Sdh7 (SDHAF3) facilitate the maturation of Sdh2,
which includes the insertion of three FeS clusters (2Fe–2S, 4Fe–4S and
3Fe–4S centers). Yeast lacking either Sdh6 or Sdh7 are partially im-
paired in thematuration of Sdh2, but amarked impairment is seen in a
double mutant strain. The dependency of SDH assembly on the Sdh6
and Sdh7 factors is especially marked in respiratory cultures. The
mutant cells exhibit a marked instability in the FeS subunit Sdh2. In
cells lacking the membrane anchor subunits, Sdh6 and Sdh7 are as-
sociatedwith the two catalytic subunits Sdh1 and Sdh2 in an assembly
intermediate. Genetic suppressors of the respiratory defect of cells
lacking either Sdh6 or Sdh7 were recovered and identiﬁed as Yap1,
which activates the expression of anti-oxidant genes. The SDH defect
seen in sdh6 or sdh7 mutant cells is reversed by exogenous antioxi-
dants. We propose that Sdh6 and Sdh7 function as Sdh2 chaperones
stabilizing the subunit during maturation. Sdh6 and Sdh7 appear to
protect the FeS-Sdh2 against endogenous oxidants prior to its asso-
ciation with the membrane anchor subunits associate to form the
holo-enzyme. Drosophila lacking the Sdh7 ortholog SDHAF3 is hyper-
sensitive to oxidative stress and exhibits muscular and neuronal dys-
function. The human Sdh6 ortholog SDHAF1 has a conserved function
in chaperoning the FeS subunit during SDH biogenesis.
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The F-ATP synthases in eubacteria, chloroplasts and mitochondria
havemany common features; they consist of two rotarymotors linked
by a stator and a ﬂexible rotor. When the rotor is driven by proton
motive force, the direction of rotation ensures that ATP is made from
ADP and phosphate in the globular catalytic domain. When ATP is
hydrolysed in the catalytic domain, the rotor turns in the opposite
sense and protons are pumped through the membrane domain, away
from the catalytic domain. However, some eubacterial enzymes
cannot hydrolyse ATP. The ATP synthases differ in how they are reg-
ulated. Eubacteria have evolved a range of mechanisms, and the
chloroplast enzyme is rendered inactive by a redox mechanism in the
hours of darkness. Mitochondria contain an inhibitor protein, IF1, that
inhibits ATP hydrolysis but not ATP synthesis. The inhibitory region is
intrinsically unstructured, and the pathway of how it folds and binds
to the enzyme has been deﬁned by mutational and structural analysis.
However, its in vivo role remains mysterious. The ATP synthases from
mitochondria, eubacteria and chloroplasts differ fundamentally in the
energy cost that they pay to make each ATP molecule. This is related
directly to the number of c-subunits that form the hydrophobic ring
in the enzyme's rotor: the smaller the ring, the lower the energy
cost of producing each ATP molecule. The most efﬁcient ATP synthase
is found in the mitochondria of multicellular animals, where eight c-
proteins form the ring. A lysine residue in c-subunits from multi-
cellular, but not unicellular species, is trimethylated. The signiﬁ-
cance of this modiﬁcation will be discussed. In 2013, Bernardi and
colleagues proposed that the mitochondrial ATPase is involved in the
mitochondrial permeability transition. This transition is triggered by
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